The electrical decomposition of 4-chlorophenol in water was examined with iridium dioxide doped on a titanium electrode. A number of electrical degradation products of 4-chlorophenol, such as hydroquinone and chlorohydroquinone via the addition of hydroxyl radicals, and dichlorophenol through addition of chlorine radical, were observed as major products. Moreover, hydroxylated chlorobiphenylethers, hydroxylated dibenzo-p-dioxin/furans and hydroxylated chlorobiphenyls formed by a dimerization process during the electrolysis process of 4-chlorophenol were also observed. On the other hand, benzoquinone, muconic acid and aldehyde derivatives that were further oxidative products of hydroquinone formed by photocatalysis process, were not observed. The electrical decomposition products of 4-chlorophenol were trimethylsilylated and then identified by gas chromatography-mass spectrometry. The degradation rate of 4-chlorophenol in water by iridium oxide electrode was measured against the electrical process duration. After iridium electrical process for 120 min, about 50% of 4-chlorophenol was converted into a number of products through oxidation processes. On the basis of the identified products, the degradation pathways of 4-chlorophenol under electrolysis process were proposed.
Introduction
As chlorophenols have widely been used as bactericides, insecticides, herbicides and wood preservatives, [1] [2] [3] it was obvious that their contamination has became a major issue in both human health and environmental protection. Although the production and use of chlorophenols have been banned in developed countries, chlorophenols including 4-chlorophenol are still found in many parts of the world due to abundant usage and their environmental transportation.
For instance, chlorophenols have been detected in various environmental samples such as soil, sediment, surface water and wastewater. [4] [5] [6] [7] [8] Thus, for elimination of pollutants in water, several techniques including photocatalysis, Fenton reaction, microbacterial and hydrolysis methods [9] [10] [11] [12] have been widely studied as practical aspects of efficient oxidation process.
Especially, a number of extensive studies on the photochemical transformation of chlorophenols in the presence of titanium dioxide have been reported. [13] [14] [15] Recently, direct electrochemical process as another approach for degradation of organic wastes was also applied with comparison of electrode materials. 16 Catalytic oxide electrodes, called dimensionally stable anodes (DSAs), can generate active hydroxyl radicals and active chloride species to decompose refractory organic waste into carbon dioxide and water with a relatively low overpotential for oxygen and chlorine evolution and with a long lifetime. Such electrodes have been widely used in the fields of oxygen and chlorine production, as well as wastewater treatment in the past two decades. The most representative DSAs are RuO2/Ti and IrO2/Ti of a rutile structure. 17, 18 Chlorophenols were mainly converted by both photolysis and electrolysis processes into catechol, hydroquinone or trihydroxylated forms through the addition of hydroxyl radical, and less-chlorinated phenols through reductive dechlorination. [19] [20] [21] Especially, two transformation pathways on hydroquinone and 4-chlorocatechol from 4-chlorophenol under photolysis process have been well reviewed by Stafford. 22 Moreover, a recent study 23 reported on the formation mechanisms by which further oxidative products of major products form acyclic compounds. Even though photochemical transformation of chlorophenols in the presence of photocatalyzers has been extensively studied, efforts to find new electrical degradation products of 4-chlorophenol have been limited.
Our interest lay in identification of electrical degradation products of 4-chlorophenol in water using gas chromatography-mass spectrometry (GC-MS). The information obtained is useful for understanding the degradation pathways of 4-chlorophenol in electrolysis conditions as well as for developing mechanism for elimination of toxic pollutants during the electrical process.
The object of this study was to examine the electrical process 
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Jongki HONG,* † Do-Gyun KIM,* Jung-Ju SEO,* Chulhyun LEE,** Chaejoon CHUNG,** and Kwang-Wook KIM*** of 4-chlorophenol in water with an iridium oxide electrode. The electrical degradation products of 4-chlorophenol were identified by using GC/MS with electron impact (EI) mode, after trimethylsilyl derivatization. The chromatographic and mass spectral results for 4-chlorophenol and its degradation products are described. On the basis of products identified, some reasonable degradation pathways of 4-chlorophenol are also proposed.
Experimental

Chemicals
All reagents for the precursor solutions used in this work were of chemical reagent grade and were used as received. IrCl3 (Alfa Aesar) were dissolved in 1:1 v/v HCl to prepare precursor stock solutions of 0.2 M. Demineralized water of 18.2 MΩ, prepared by distilling twice and passing through an ionexchanger (Milli-Q plus), were used for preparing of the precursor solution and, for washing the Ti substrate.
The authentic standards: 4-chlorophenol, 2,4-dichlorophenol, hydroquinone, chlorohydroquinone, and 2,5-dihydroxybenzoic acid, were obtained from Aldrich (Milwaukee, WI, USA). Acyclic products, 1-hydroxypropanoic acid and ethylene glycol, were purchased from Sigma Chemicals (St. Louis, MO, USA). Standard solutions in methanol were stored at 4˚C. N-Methyl-N-trimethylsilyl trifluoroacetamide (MSTFA) used as silylation agent was purchased from Pierce (Rockford, IL, USA). All solvents used were of residual pesticide grade. Purified water was obtained from a Milli-Q system (Millipore, USA).
Electrode preparation
The Ti substrate of the oxide electrode for the measurements of material and electrochemical properties was 99.4% purity; a plate-type of 1 × 1 × 0.2 cm dimensions was used. The one for organic destruction was a Madras type of 1 × 1 × 0.2 cm dimensions with a mesh of 6 × 12 mm. The Ti substrate was etched in 35% HCl at 61 ± 1˚C for 1 h after degreasing.
The oxide electrodes were prepared by carefully brushing the precursor solution onto the etched Ti substrate of the plate type, while the Madras-type substrate was dipped into the precursor solution. The prepared electrode was dried at 90˚C for 5 min and sintered at 350˚C for 10 min. These steps were repeated to get multiple coating layers. The electrode was finally annealed between 400˚C to 700˚C for 1 h. The net oxide weight on the Ti substrate used in this work are about 0.371 mg/cm 2 for iridium oxide after final sintering below 550˚C from which the Ti substrate itself is oxidized to cause the increase of weight of the net oxide on the Ti substrate. The details of the preparation of the oxide electrode are mentioned in previous papers. 17, 18 
Electrolysis experiments
The electrochemical properties of the oxide electrodes were measured in a three-necked 250 mL volumetric flask with 200 mL of 0.5 M H2SO4 at 25 ± 1˚C by using a potentiostat (BAS 100B) with a reference electrode of a saturated KCl-Ag/AgCl saturated sulfate electrode (SSE) and a counter electrode made of Pt wire. The accelerated lifetime was measured as the time taken for the voltage between working and counter electrodes to reach 10 V in 1.0 M H2SO4 at 65˚C with a constant current density of 1000 mA/cm 2 . For the electrolysis, 4-chlorophenol of 30 ppm in pH 7 buffer solution (0.05 M H3PO4 + 0.05 M NaH2PO4) was oxidized with Ir oxide electrode as an anode and SUS 316 as a cathode at a current density of 40 mA/cm 2 and with 5 mm separation.
After electrolysis, the resulting solution was extracted twice with 50 mL of ethylacetate. The extracts were passed through a column packed with sodium sulfate to remove trace water. The eluent was concentrated under a nitrogen stream, and the residue was dissolved with ethylacetate. To derivatize the hydroxyl groups of degradation products, MSTFA (0.1 ml) was added to the concentrated solution, followed by heating at 80˚C for 30 min. The resulting solution was analyzed by GC/MS.
Gas chromatography-mass spectrometry
GC/MS data were collected on an Agilent 6890 plus GC and Agilent 5973N (Palo Alto, CA, USA) mass spectrometer with a quadrupole analyzer. A 30 m × 0.25 mm i.d. fused silica capillary column coated with chemically bonded 5% phenylmethylsilicone DB-5MS (J & W Scientific, Folsom, CA, USA) was used. The column temperature was programmed from 80˚C held for 3 min to 300˚C held for 7 min at a rate of 15˚C/min. Carrier gas was helium (99.999%) at 0.9 mL/min and inlet head pressure was 12 psi. Injector temperature was 270˚C. Samples were injected in the splitless mode with 1-min purge time. The electron energy and ion source temperature were set at 70 eV and 180˚C, respectively, and scan range was 50 -600 amu.
Results and Discussion
Identification of electrical degradation products of 4-chlorophenol
More than 600˚C is sufficient for IrCl3 to be converted to an appropriate Ir oxide structure. At the surface of Ti electrode, IrCl3 will be converted to Ir oxide. This results in a deficiency of sites on the Ir oxide surface to generate active hydroxyl radical (OH*) from water. During the electrolysis of 4-chlorophenol, most of the degradation products were formed by attack of hydroxyl radical. These products yielded weak molecular ions in EI mass spectra and exhibited poor sensitivity in the analysis by gas chromatography. Thus to identify oxidative products of 4-chlorophenol, trimethylsilylation (TMS) reaction was adopted to the organic extracts with MSTFA. Figure 1 shows a typical total ion chromatogram obtained from the electrolysis of 4-chlorophenol in water, followed by extraction and TMS derivatization.
As shown in Fig. 1 , several electrical degradation products were detected after 60 min electrical process.
Some compounds, such as 2,4-dichlorophenol, hydroquinone, chlorocatechol and 2,5-dihydroxybenzoic acid, were identified by comparing retention times and mass spectra with those of authentic standards. Table 1 presents the retention times and characteristic ions of major electrical transformation products identified in this study. As shown in Fig. 1 , hydroquinone, chlorocatechol and chlorohydroquinone produced by the attack of hydroxyl radical were observed as major oxidative-products. As indicated in Table 1 , the EI-mass spectrum of hydroquinone-(OTMS)2 produced abundant molecular ion at m/z 254 and [M-15] + ion at m/z 239 as a base peak. Although chlorohydroquinone and chlorocatechol are structural isomers, they could be discriminated by their different mass fragmentation patterns, as indicated in Table 1 . Moreover, these compounds could be formed by different pathways. Chlorohydroxyquinone was probably formed through chlorination at ortho-position of hydroquinone. On the other hand, chlorocatechol could be formed through hydroxylation at ortho-position of 4-chlorophenol. However, these products were not observed by photocatalytic degradation of 4-chlorophenol in a previous study. 23 By photocatalytic degradation in the presence of TiO2, chlorotrihydroxybenzene and tetrahydroxybenzene were observed as major oxidative products, whereas these compounds were not produced under the electrical process. It could be reasonably assumed that the photocatalytic process in the presence of TiO2 generated more hydroxyl radicals to produce higher hydroxylated derivatives than the electrical process did.
Another oxidative product, 2,4-dichlorophenol, was also formed by the addition of chlorine radical at ortho-position of 4-chlorophenol, while phenol formed by reductive dechlorination was not observed under this experimental condition. As minor oxidative products, 2,5-dihydroxybenzoic acid, dichlorocatechol and dichlorohydroquinone were also observed. As indicated in Table 1 , the EI-mass spectra of oxidative product-OTMS derivatives were easily characterized by the presence of the intense [M-15] + ions and molecular ions.
In addition to these oxidative products, acyclic compounds formed by cleavage of ring structure through further oxidation of cyclic intermediates were also observed as abundant products. Typically, 1-hydroxypropanoic acid and ethylene glycol were observed. These compounds were identified by comparing the retention times and characteristic ions with those of commercial available standards. These compounds were also formed as minor compounds in the previous photolysis of 4- chlorophenol. 23 The mass spectra of these compounds shown common abundant fragment ions such as [M-15] 
+ , but molecular ions were not observed. Beside these major compounds, hydroxylated/chlorodiphenylethers, hydroxylated dibenzodioxins/furans and hydroxylated chlorobiphenyls were observed as minor compounds ( Fig. 1 and Table 2 ). During electrolysis of 4-chlorophenol, these compounds could be produced by the dimerization of hydroquinone, major intermediate, or 4-chlorophenol, and followed by oxidative hydroxylation and chlorination. However, the position of hydroxylation and chlorination in their corresponding structures could not be exactly assigned because of the lack of authentic standards.
In general, hydroxylated chlorodiphenyl ethers/diphenyls, dioxins and furans could be also formed during the photolysis of chlorophenols. 27 Mass spectra of their TMS derivatives were characterized by the presence of their molecular ion, [M-15] + , [M-OTMS + H] + ion and their distribution of 37 Cl isotope ions. In EI, they yielded intense molecular ions because of their rigid and aromatic planar structure. In this study, five hydroxylated diphenylethers such as di-and tri-hydroxylated diphenylethers and their corresponding mono-and di-chlorodiphenylethers were observed, as shown in Fig. 1 and Table 2 . Hydroxylated diphenyl was formed as precursors of dioxins during photolysis and pyrolysis of chlorophenols in our previous report. 27 Hydroxylated dichlorodibenzodioxin and furans were also observed.
The mass spectrum of dihydroxylated dichlorodibenzodioxin-(OTMS)2 produced an intense molecular ion cluster at m/z 394 and 396 with one chlorine atom. Other characteristic ions at m/z 379 and 306 were yielded by the loss of CH3 and OTMS group from a molecular ion, respectively. As shown in Fig. 1 , di-to tetra-hydroxylated dibenzofurans were also detected. Tri-to tetra-hydroxylated dibenzofurans might be formed by the successive hydroxylations of dihydroxy dibenzofurans. The amount of tetrahydroxydibenzofuran was much lower than that of di-and tri-hydroxyl forms. 
Electrical degradation pathways of 4-chlorophenol
Based on identified products, the degradation pathways of 4-chlorophenol under electrical process were proposed in Scheme 1.
During the electrolysis procedure of 4-chlorophenol, hydroquinone as a major intermediate was formed by simultaneous dechlorination and hydroxylation of 4-chlorophenol, as shown in Scheme 1.
The formation mechanism of this redox product was already proposed in a report of Mills and Morris. 28 In other words, the formation of hydroquinone could be explained as follows: during electrolysis, 4-chlorophenol was converted into chlorobenzene intermediate by the abstraction of a hydroxyl radical, followed by the addition of a chlorine radical that was formed by dechlorination of 4-chlorophenol. This reaction involved both reductive dehydroxylation and oxidative chlorination. However, benzoquinone, the major product in the photolysis of 4-chlorophenol, was not observed under this electrolysis condition. Benzoquinone might be formed by the reduction of hydroquinone, and would then rapidly degrade to form acyclic 23 and microbiological 12 process, could be observed in this study.
2,4-Dihydroxybenzoic acid could be formed resulting from the reaction of hydroquinone with CO2 molecule. In general, carbon dioxide could be generated by the mineralization of organic compounds during the electrolysis and photolysis procedure. Some supplementary evidence of CO2 generation in this experiment was suggested by the fact that the amount of 2,4-dihydroxybenzoic acid was increased as the electrolysis time increases.
The formation of chlorohydroquinone, one of the major products, was the result of chlorination of hydroquinone. This indicated that oxidative chlorination of intermediates predominantly occurred during the electrolysis procedure. In the photolysis of chlorophenols, oxidative chlorination rarely occurred, whereas reductive dechlorination and/or hydroxylation predominantly occurred.
By the same mechanism, 2,4-dichlorophenol and dichlorohydroquinone resulting from the chlorination of 4-chlorophenol and chlorohydroquinone, respectively, could be formed. Another interesting hydroxylation product, chlorocatechol, was formed by the hydroxylation at ortho-position of 4-chlorophenol. The chlorination of chlorocatechol could lead to form dichlorocatechol. From the observation of these products, we conclude that the degradation of 4-chlorophenol under electrical process occurred mainly through the addition of hydroxyl and chlorine radicals. Figure 2 shows a plot of the decay of 4-chlorophenol and the formation of major oxidative products. The degradation of 4-chlorophenol was rapid and can be approximately described by first-order kinetics. Hydroquinone formed slightly more rapidly than the other reductive products, and its decay was not observed during 120 min of the electrolysis. Moreover, its abundance was increased as the electrolysis time increased.
Similarly, the abundance of 2-chlorohydroquinone and chlorocatechol was gradually increased as electrolysis time increased.
On the other hand, the formation of 2,4-dichlorophenol was slow and its decay was observed when the electrolysis time was longer than 60 min.
Besides these major products, hydroxylated diphenylethers, hydroxylated chlorobiphenyls, hydroxylated dibenzodioxin/ furans and hydroxylated chlorobiphenyls were observed as minor products. These compounds were formed through the dimerization of 4-chlorophenol and/or its intermediates, as shown in Schemes 2 -4. During the electrolysis of 4-chlorophenol, dihydroxydiphenylether was formed by the dimerization of hydroquinone involving dehydration, and then it could be converted into trihydroxydiphenylether by hydroxylation, as indicated in Scheme 2. The electrolysis process could further go through the chlorination of hydroxylated diphenylethers to their corresponding chlorinated derivatives.
As another dimerization of hydroquinone and chlorohydroquinone, chlorodihydroxydibenzo-p-dioxin was produced in trace amount. Furthermore, dihydroxydibenzofuran was also formed through the self-condensation of hydroquinone with dehydration, and then it could further proceed by hydroxylation to produce trihydroxydibenzofuran, as shown in Scheme 3. However, no chlorinated dibenzofurans were observed in this study.
Biphenyl derivatives such as di-and tri-chlorodihydroxybiphenyls could be mainly formed by the direct-condensation of 4-chlorophenol with staggered direction. This reaction involved the dehydrogenation during the condensation, as indicated in Scheme 4.
Conclusion
The major products formed from electrolysis procedure of 4-chlorophenol in water were found to be oxidative products by the addition of hydroxyl radicals and chlorine radicals at ortho and para positions. Some of the major products resulting from the oxidation of 4-chlorophenol by the attack of hydroxyl radical have been previously identified as minor products. The products formed by photocatalysis of 4-chlorophenol were slightly different from those formed by electrolysis. It seemed that different oxidative conditions led to producing different oxidative products. This study was expected to help the understanding of the fate of environmental pollutants under electrolysis processes.
GC/MS was very useful for the identification of electrical transformation products produced by electrical processing of environmental pollutants such as chlorophenols and pesticides in water. TMS derivatives of the electrically induced-products exhibited successful gas chromatographic properties and provided characteristic ions which allowed the mass spectra to be easily interpreted. The presence of [M-CH3] + ions in the mass spectra of their TMS derivatives provided a highly useful means for structural elucidation. Moreover, because of the high intensity of these ions in the mass spectra, they could be used to monitor the corresponding compounds in a complex mixture by GC/MS-selected ion monitoring mode.
On the basis of products identified by GC/MS, the pathways of degradation of 4-chlorophenol could be used to understand mechanistic aspects during the electrolysis.
